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Optical Response of Large Lithium Clusters: Evolution toward the Bulk
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Multistep photon absorption has been used to measure the collective excitation of free lithium clusters
having up to 1500 atoms. The blueshift of the Mie resonance energy, as cluster size increases, probes the
surface effects. Its absolute value is consistent with the dielectric constants of the bulk down to a 100
atom cluster. The comparison with calculations in random-phase approximation in the local approxima-
tion demonstrates that the jellium model is no longer valid for lithium clusters.

PACS numbers: 78.20.Dj, 61.46.+w

The optical response of small metal particles as a func-
tion of size offers the possibility to follow the development
of collective effects in metallic systems. Of these, alkali
clusters, and in particular sodium and potassium, are re-
garded as a prototype of simple metallic particles. Their
dipole absorption spectra are consistent with the optical
excitation predicted by the classical Mie theory treatment
of collective dipole oscillation in spherical or ellipsoidal
distorted metallic droplets [1-4]. A more elaborate ap-
proach was obtained from time-dependent density-func-
tional-theory calculations to quantitatively interpret the
experimental data on sodium and potassium clusters hav-
ing less than 40 atoms [5]. However, it was of fundamen-
tal interest to explore large cluster sizes to bridge the gap
between the free small particles and the bulk in order to
know to what extent the macroscopic dielectric function
describes the optical response of metallic clusters.

We have developed recently an experimental procedure
for extending optical absorption measurements [6] to
large masses, i.e., a few thousand atoms. For large potas-
sium clusters we have shown that the experimental value
of the resonance energy evolves toward the infinite limit
hwpy deduced either from the experimental volume
plasmon energy hw, [7] or from the surface plasmon en-
ergy ho, 8. ho,= hwy3 = hw,\/2. Those values
are close to the free-electron values. The small differ-
ence, less than 5%, which still remains between experi-
mental values and free-electron values is greatly reduced
when core polarization and effective mass are included
[7,9].

Lithium metal differs from the other alkali metals.
The measured volume plasmon energy is greatly shifted
down from the free-electron value and its linewidth is
very broad as compared to other alkali metals [10]. The
deviation of the experimental plasmon-peak position from
the free-electron value was mainly interpreted in terms of
optical effective mass and is due to intraband transitions
as pointed out by Paasch [11]. The volume plasmon
linewidth in lithium was interpreted as a plasmon decay
via interband transitions [10,12]. So the question arises
as to whether such a deviation still exists for clusters.
The measurement of the plasmon resonance of lithium
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clusters is a real challenge to know to what extent the
dielectric constants of the bulk are pertinent parameters
to interpret the collective excitation of lithium clusters.
If so, the microscopic calculation of the dynamic response
of the electrons should interpret both cluster and bulk
measurements.

In this Letter we report on the optical response of mass
selected free lithium clusters Li,* in the size range of
100 to 1500 atoms. Our results provide evidence of a
broad surface plasmon resonance. The plasmon reso-
nance energy is blueshifted as cluster size increases. The
use of the measurements of the dielectric function &(w)
[13,14] in the determination of the Mie frequency is
found to yield excellent extrapolation of the experimental
cluster values when the cluster radius goes to infinity.
The linewidth and resonance energy behavior are dis-
cussed and a comparison is done with the predictions of
the random-phase approximation (RPA) in the local den-
sity approximation (LDA).

The experiment combines photon-interaction and mass
spectroscopy [6]. Lithium clusters are formed by gas ag-
gregation techniques which generate a neutral cluster dis-
tribution centered around 900 atom clusters [15]. The
distribution is photoionized by a pulsed UV laser with
photon energy hv=3.67 eV. The accelerated cluster ion
bunches first enter a field-free tube where they spatially
resolve into separated ion packets within a mass resolu-
tion better than 200. After size selection a given cluster
ion bunch enters a decelerating-accelerating region where
it interacts with a second pulsed laser. We used a set of
photon energies corresponding to Raman-shifted Nd-
doped yttrium-aluminum-garnet laser frequencies. The
photon energy lies in the region subtended by surface
plasmon absorption, i.e., 1.8 to 4.7 eV. The ion products
from photointeraction are mass analyzed by a second
time-of-flight spectrometer.

It is well known that for metal clusters the electronic
excitation, resulting from a photon absorption, whose en-
ergy is lower than the ionization potential, relaxes very
rapidly among the numerous vibrational modes, providing
heating of the cluster. As we have already shown [6], for
large cluster sizes n > 100 several photons must be ab-
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sorbed before the first evaporation can be observed. For measuring the absorption cross section of Li, * we used the
procedure based on multistep photon absorption followed by evaporation. The multistep photon absorption leads to a
Poisson distribution for the fragments, the maximum of which gives the absorption cross section [6]. At a photon energy

oAy L l

60" K M
1 | Litsg
]

LOj
] \ i

20 Jr/Jr ! JN WL

—
hvleV)

o (A?) /

0] N L

I

|

|

50 |
‘ |

I

o —T% )
0 1 2 3 4 huleV)
c(AY
400+ ‘
| s+
| Lig2o
3004 ‘
1 i
200/ | +
* B
100 | \\
] {1 |
0 : i L T T I T —>
0 ! 2 3 4 hvleV)
o (A jA
800 /T\ )
1 Li3
J ‘ \ 1500
600 \
] |
400] } +
Y
200
] ! \+
‘ 4 | \
Oj T r T S A | “ T T T
0 1 2 3 1A hv(eV)
FIG. 1. Photoabsorption cross section profiles for large lithi-

um cluster ions Li,* as a function of photon energy. The
parent masses are distributed around the mean mass through
the resolution of the selection (few masses).

above ionization potential a new channel opens, making
possible ionization threshold measurements, w,t, as well
as the absorption cross section measurements for Li, T+

Figure 1 shows the absorption cross section for Lijzo ¥,
Li270+, Li820+, and Li|500+ versus the photon energy.
The errors bars result from the precision of determining
the cross section from the fragment distribution. Experi-
mental data for each cluster are fitted with a Mie-type
resonance curve:

[hvI]?

[Gv)? = Chve) T+ Tvr 12 ®

o, (hv) =cp

where hvy is the resonance energy, I' the width of the res-
onance, and o;"®* the absorption cross section at Avy. The
three fitting parameters hvy, I', and o7"®* are given in
Table I for the studied clusters. From Table [ we observe
the resonance energy shift toward the blue as n increases.
The absorption cross section is roughly proportional to
the number of atoms, which is also the number of valence
electrons. The resonance width is large as compared to
other alkalis [6,16] and to Lig [17]. The correction due
to thermal expansion as explained in Ref. [6] is negligible
in this case.

Contrary to other alkali clusters, ionization of Li, "
takes place in the energy range subtended by the Mie res-
onance. The lowest photon energy for which Li, ** can
be detected brackets the ionization threshold. It is in-
teresting to compare our experimental values with the
classical electrostatic model. From this model the energy
which is necessary to remove an electron from an isolated
uniform conduction sphere of radius R having Z elemen-
tary charges e [18] is

Wit =W+ (z+3)e?R, )]

where W is the bulk work function. The equivalent
sphere radius R of a metal cluster having n atoms is
rsn'/3, where r; is an electron density parameter [19].

With such a model the ionization threshold of Li, T is

TABLE 1. Resonance energy hvo, resonance width I', and
absorption cross section at hvo, deduced from experimental data
for several cluster sizes. The absolute cross section is given with
25% precision.

hvo r omax

(eV) (eV) (A%
Lijse* 2.92+0.05 0.9+0.1 62
Lizo* 3.06 +0.05 1.15+0.1 120
Lisao™* 3.17+0.05 1.324+0.1 280
Lisao™* 3.21+0.05 1.10+0.1 440
Lijsoo ™ 3.25+0.05 1.15+0.1 830
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In Fig. 2 are plotted the measured ionization potentials
on an n ' scale. These values follow a linear behavior.
The straight-line fit to the experimental data yields a
value of W =2.55 eV close to the polycrystalline work
function [20] and a value of r,=1.69 A in good agree-
ment with the Wigner Seitz radius of bulk lithium, i.e.,
1.72 A. This indicates that r, is a good parameter for
describing electron density of both bulk and clusters.

In Fig. 2 are also plotted the measured peak resonance
positions as a function of n =13 Our measurements from
n=129 to n=1500 fall on a straight line which can be
easily extrapolated in the limit 1/R— 0 to Awy =3.55
eV. The boundary conditions of a flat metallic surface
imply that the surface plasma frequency is deduced from
the dielectric function &(w) in the vicinity e(w)=—1
[21]. For similar symmetrical reasons the boundary con-
ditions of a spherical metallic surface imply that the sur-
face plasmon frequency of a metallic sphere is deduced
from the same dielectric function in the vicinity &(w)
= —2. From the measurements of the macroscopic
dielectric constant for lithium [13,14,22] the correspond-
ing surface plasmon energy of a macroscopic metallic
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FIG. 2. Resonance energy and ionization potential (crosses)
vs n "3, The dots are the experimental resonance energies; the
squares the RPA-LDA calculations. The open circle is the reso-
nance energy of Lig from Ref. [17] in the 1/R— 0 limit. The
RPA-LDA calculated values converge to the free-electron Mie
energy hw,/~/3=4.62 eV (solid triangle). The experimental
values converge to the energy deduced from s(w)=—2. Ar-
rows represent the error bar of the experimental determination
from Refs. [13,14,22].
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sphere, also called the Mie frequency energy, is, in the
long wavelength limit R<<wc, Awpy =3.55%0.1 eV, in
excellent agreement with our extrapolated value from
cluster measurements. It has to be noted that for small
cluster sizes such as Lig, from Ref. [17] the resonance
peak position significantly deviates from the linear behav-
jor.

It is interesting to compare the measured Mie reso-
nance of Li, * with the collective dipole excitation pre-
dicted by RPA-LDA calculations. The metallic cluster is
treated as a homogeneous electron gas confined in a
volume V = % mnrg.

The electron correlation and exchange are approximat-
ed by a local function of density. The collective response
of such a system only depends on r; as a parameter. We
have calculated the RPA-LDA response for different me-
tallic spheres of different r; with the program of Bertsch
[23], which we have adapted for large masses. In Fig. 3
are given the results obtained for two different spheres
having 440 electrons each, but different r; values: r;
=1.70 A for Li and r, =2.57 A for K, together with ex-
perimental results. It is clearly seen that the smaller the
rs value, the broader the oscillator strength distribution.
This is consistent with the fact that among alkali metals,
lithium, which has the smallest r; value, exhibits the
lowest correlation effects [7].  Although oscillator
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FIG. 3. Experimental photoabsorption cross section profile.
Solid lines for Lisso™* (present work) and Kas™* (previous work
[6]) together with RPA-LDA oscillator strength distribution
(vertical bars).
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strength distributions are less broad than the widths of
the measured resonances, RPA-LDA calculations indi-
cate that correlation effects should be partially responsi-
ble for the width of the cluster resonances.

Concerning the cluster resonance energy, the max-
imum of the calculated oscillator strength distribution is
far from being in agreement with experimental data. In
Fig. 2 is plotted the energy of the calculated RPA-LDA
plasmon resonance for spherical lithium (ry=1.7 A) as a
function of cluster size. These calculated values are blue-
shifted as cluster size increases and converge, in the limit
1/R— 0, to the classical Mie value of a free-electron gas
h(uM;e=hwp/\/§=h[e2/mrs3] 2=4.64 eV. Although
the calculated RPA-LDA values are more than 1 eV
above the experimental values it is interesting to notice
that they each present a linear behavior versus n ~'/3 with
equal slopes. Following Liebsch, who has shown that the
momentum dispersion of the flat surface plasmon in the
long wavelength regime and the variation of the Mie res-
onance of clusters at large R can both be expressed in
terms of an effective local dielectric function [24], the
slope of the straight line reflects the induced screening
charge at the surface [22]. As for other alkalis the center
of gravity of the charge fluctuation associated with the
Mie resonance is located outside the volume of the clus-
ter. Hence, the blueshift of the Mie resonance energy, as
cluster size increases, probes the tail of the electron densi-
ty outside the cluster volume, defined as the “spill out”
effect [6,25]. The remarkable agreement between the
slope corresponding to RPA-LDA calculations and that
corresponding to experimental results indicates, as ex-
pected, that the valence electron gas in a lithium cluster
is not perturbed by core electrons, contrary to the case of
silver for which the proximity of the 4d electrons strongly
influences the plasma resonance [24].

The discrepancy which exists between the experimental
Mie peak position and the homogeneous RPA result was
also observed for volume plasmon from electron energy-
loss measurements [10]. For the bulk this difference was
interpreted essentially by an effective mass [12]. In fact
the effective mass contribution, which is also in pseudopo-
tential theory the intraband contribution, depends mainly,
in the Li case, on electron-ion-core interactions. The
homogeneous RPA calculation which treats positive ionic
cores as a uniform positive background is not sufficient to
interpret the experimental data. In a first step, improve-
ment should be made by introducing an Ashcroft empty
core local potential which takes into account Coulomb
electron-ion-core interactions [26].

In conclusion, our measurements on the optical
response of lithium clusters show evidence that the mac-
roscopic dielectric function is a pertinent parameter to in-
terpret cluster data. In fact our results point out that
such a macroscopic function is still present in clusters

containing 100 atoms, i.e., 10 A radius, for which ab ini-
tio microscopic calculations can be done beyond the jelli-
um model. Moreover the linear behavior of the Mie reso-
nance in the long wavelength limit versus the cluster ra-
dius corresponds to surface effects and can be related to
surface plasmon dispersion.
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tum dispersion of flat surface plasmon, U. Landman for
stimulating discussions on the dielectric constant, and C.
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